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Isoprestanes are prostag]addin-like compounds pro¬ 
duced by non-enzymatic peroxidation of arachidonic 
acid. The cyclooxygenase-derived endaperoxide, pros¬ 
tag la ndi n H s , can undergo rearrangement to highly re¬ 
active y-ketoaldehyde secoprostanoids (levuglandin E s 
and D 2 ). We explored whether isoprostane endoperoxide 
intermediates also rearrange ta levuglandiu-like com¬ 
pounds (isolevuglandins). Formation of a series of {sole- 
vuglandins during oxidation of arachidonic acid in vitro 
was established utilizing a number of mass spectromet- 
ric analyses. However, these compounds could not he 
detected in free form in protein-containing biological 
systems, which we hypothesized was due to extremely 
rapid adduction to aminos- This was supported by the 
Ending that >60% of levuglandin. Ej adducted to albu¬ 
min within 20 s, whereas —50% of 4-hydroxynonenaI still 
remained trend due. ted after 1 h. By utilizing electro- 
spray tandem mass spectrometry, we established that 
these compounds form oxidized pyrrole adducts {lac¬ 
tams and hydroxylactams) with lysine. Formation of 
isolevuglondin-lysine adducts on apolipoproteln B was 
readily detected during oxidation of low density li¬ 
poprotein following enzymatic digestion of the protein 
to single amino acids. These studies identify a novel 
series of extremely reactive products of tbe isoprostane 
pathway that rapidly form covalent adducts with lysine 
residues on proteins. This provides the basis to explore 
the formation of isolevuglandins in viva to investigate 
the potential biological ramifications of their formation 
in settings of oxidant Injury, 


A role for free radicals has been implicated in the pathogen¬ 
esis of a wide variety of human diseases including atheroscle¬ 
rosis, cancer, and neurodeganerativs dissasas (1). Unsaturated 
fatty acids are a major target of free radical attack leading to 
lipid peroxidation. A variety of compounds is generated as 
products of free radical-induced lipid peroxidation including 
reactive aldehyde species, such as 4-hydroxynononaI (4-HNE) 1 
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and nfolondialdehyde (MDA). These reactive aldehydes are 
considered important mediators of oxidant injury due to their 
ability to covalently modify proteins and DNA, which can dis¬ 
rupt important cellular functions and can cause mutations (2). 
Furthermore, adduction of aldehydes to apolipoprotein B in 
LEL has been strongly implicated in tbe mechanism by which 
LDL is converted to an atherogenic form that is taken, up by 
macrophages, eventuating in the formation of foam cells (3). 
Previously wo reported the formation of prostaglandin CFG)- 
like compounds in viva, termed iccprusUmes (IsoPs), by free 
radical-induced peroxidation of arachidonic arid (4). Analogous 
to the cyclooxygenase enzymatic pathway, intermediates in the 
IsoP pathway are PGH 2 -like bicyclic endoperoxides. In aqueous 
media, PGH?, is unstable and undergoes rearrangement with a 
t># of approximately 5 min at 87 °C (5). Originally, it was shown 
PGH Z undergoes rearrangement to form PGE-, and PtiD s (6). 
More recently, Salomon and colleagues (5) demonstrated that 
PGH Z also rearranges to form y-hetaaldebyds sccoprosianoidc. 
These compounds have been termed levugJandin E a and D 2 
because of their structural similarities with levulirtaltfehyde, 
Levuglandins comprise approximately 209o of the total rear¬ 
rangement products of FGH 2 (5). 

Initially we reported the formation of F 2 -IsqPs, which, are 
produced by reduction of the IsoF endoperoxide intermediates 
(4). We recently discovered a key rule for glutathione in effect¬ 
ing the reduction of IsoF endoperoxides to Fj.-I.soPs (7). How¬ 
ever, the reduction erf IsoP endup erorides is not completely 
efficient. In this regard, we have shown that the IsoP endqper- 
oxideS undergo rearrangement in. vino to form E a -ISoPa, D a - 
ZsoPs, and isothromboxanes (8, 9). 

Based on the observation that the IsoP endoperoxides un¬ 
dergo rearrangement in vivo, we explored whether such rear¬ 
rangement also results in tbe formation of levuglandin-like 
compounds, for which We propose the term isolevuglandins 
(IsoLGs). Our interest in this possibility stems from tha fact 
that the y-ketoaldehyde moiety confers remarkable reactivity 

to these compounds. In this regard, Salomon, and colleagues 
(10,11) have shown that LGE 2 rapidly adducts to amines and, 
in addition, readily undergoes further reaction to form exten¬ 
sive protein-protein and profcein-DNA cross-!ink@. Thui;, if 
formed, IsoLGs might partiriphte ah important mediators of 
oxidant injury. Therefore, we undertook studies to explore 
whether IaoLGs are formed during oxidation of arachidonic 
acid and studies to elucidate the nature of the IsoLG adduct 
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Fig. l. Predicted mech^lom of fonnqUon tit IsoLCte via the 
IstoP pathwny. Four IsaP bicyclid andoporoirids regiofoozzifirs are 
formed which then undergo rearrangement to form four Jjig-IsoLGr and 
four B 2 -IsoT v G regioisomere. Each E^-IsoLG and Da-IooLG ragioiHomer 
is theoretically comprised of four racemic diagtereproers. 


that would be formed with lysine residues on proteins. The 
mechanism by which LsoLGs are generated by free radial- 
induced oxidation of arachidonic acid i$ shown in Fig, 1. Four 
regioisomerff of both D 2 -XsoLGs and Eo-LrpLGs an? formed, 
each of which is theoretically comprised of four racemic diaste- 
Teomers, for a total of S2 IsoLGE 2 and 32 I$oLCr!D 2 compouuda. 
The designation T)” and is the efrme a? for the cydaoxyge^ 
nase-derived LCbs and to the location. of the koto group. If 

the keta group located at C-9, the molecule is designated an 
E 2 -IsoLG, and if it is located at 0-11, the molecule is designated 
as a D a -IsoLG. Salomon and co-workers (12) had previously 
used a carbon numbering system from 1 to 17 beginning with 
the carboxyl carbon, and the chains containing the carbonyl 
groups were considered as substituents. However, to retain 
consistency with the official nomenclature for isoprustanes that 
has been approved by the Eicoaanoid Nomenclature Commit¬ 
tee, sanctioned by JCBN of IUPAC (13)> the original 20 carbon 
numbering system used for the IsoP enduporoxido pnjeuxson? 
will be retained, In accordance with the IsoP nomenclature, the 
different regin isomers are designated by the carbon, number 0T> 
which the side chain hydroxyl is located, a$ indicted in Fig. 1, 

EXPERIMENTAL procedures 

Oxidation of Amchidoftic Acid ^FivS mg of arschidajiic acid (Nu 
Chelc Prep, Elyaian, MN) or 1-palmitoyl, 2-arachidonoy 1 -glyeer g- 3-phgs- 
phocholine (Sigma) was dissolved in 200 pi of ethanol and oxidised 
using 1 a mixture of ferric chloride (1 mU), ADP (200 mM), and ascorbate 
(100 mM) in 5 ml of 50 mM phosphate buffer (pH 7.1) at 37 °C for 6 h. 

Mass Spectftinietric Analysis af IgoLOs — Following; oxidation of 
arach Manic add or 1-palmftoyl, 2-m^chidimoyI,-glycerQ-3“phQSphochcj- 
llnc f compound a were converted to O-methylo xim e derivative^ by addi¬ 
tion of 3% metho^yajraine’HCl and incubated for 45 min at room tem¬ 
perature. Compounds formed from the Oxidation of phosphatidyl choline 
were subsequently subjected to base hydrolysis with 7.6% KOH in 60% 
Aqueous methanol for 3D min at 37 “C. Samples were then acidified to 
pH 3 with 1 >7 HC1 and diluted. 1-4 ng erf big-pHJQ-methyforime- 
LGE a , which was formed fay treatment of synthetic LG-E^ (14) with 
[^HgjmethayyaniLjiC-HCl (Regis, Marten Grove, IL), was added aft an 
internal standard. The concentratiMi of th<=» bi«-f*HJ0-inethyloxinie- 
LGKjj was standardized against FGF^ by gas chromatography (GC)/ 
negative ion chemical ionization (NICiVibuss spectrometry (MS). The 
Sample was then applied to a 0 la Sep-Pak column (Waters Associates, 
Milford, MA} that had been pre-eonditiOiied with S ml of methanol and 
10 ml of pH 3 water. The Sep-Pak wa£ washed sequentially with 10 ml 
of pH 3 water and 10 ml of hep tune/ethyl acetate (99:1 vh), and the 
IboLGs were then eluted with 10 ml of heptanB/ethyl acetate (1:1 v/v). 
The hejptane/ethyl acetate was dried under a stream of N a . The samples 
then converted to a p anto0un robeazyl eater derivative by £reat- 
meTit with 40 pi of 10% pentafluorabenzyl bromide in acetonitrile and 
20 p\ of 10% INT^W-diiBopjEopyletiiylamine in acetonitrile lbr 20 aria at 
37 “C. Samples were then subjected to thin lay elf chromatography 


(TLC) usiog' silica gel plates (VWR Scientific, Atlanta., GA) using the 
solvent beptene/efcLyl acetate (60:40 v/v). Compounds migrating 2 dU 
above and 0.5 cm below the his-O-jnethylarime, pentsfliiorobanzyl ester 
derivative of LGE* were scraped and extracted from the silica gal with 
ethyl acetate. IboLGs were then converted to trimethylsilyl (TMS) ether 
derivatives by treatment with 10 pi pf dimetiiylfoirasinida and. 10 pi of 
/V, O -bis (trimethy Isulyl} trifluoraacetainide {BSTFA) (Supelco, Belle- 
Fonto, PA) and analysed by GC/NlCt4MS. GC performed with a 
12-m DB 1701 fused silica capillary column CJ & W Scientific, Folsom, 
CA) heated from 190 to 300 q C at 20 0 C/mia with a 0.2-min hold. Source 
temperature was 260 ^C, 

Determination of functional groups was accomplished by subjecting 2 
ml of an Euachidonate oxidation mixture to deri.vati 2 atlan with 
methoxy amLna*HCl or pILj] methoxyaniine'IlCL Np internal standard 
was pddecL Derivatization was oontinuod as above except each Sample 
was dividend equally after TLC and half derivatizad with BSTFA a s 
above ftnd half With ["BJRlSTFA (Dfiotero-Regisilii 1 ^, Regia, Morton 
Grove, IL) (6 jzl * 6 dimetbylformaTnide). SampleB were then ana¬ 
lyzed by GC/NICI7MS, employing selected ion monitoring for the [M — 
'CH a C rt F B ;r ion if each derivative. Disappearance of signals was mon¬ 
itored as well as appearance of signals, Le. the presence of two carbonyl 
groups waa indicated by the disappeaxanca of signals at mix 431 and 
the appearance of signals at mis 437 in samples treated with 
FH^lmethaxyainine'HCl and BSTFA, and the presence of a single hy¬ 
droxyl group was indicated by the disappearance of signals at mlz 481 
and the appearance of signals at in I St 490 in samples treated with 
methDgyaJnine-RCI and p’HJBSTF a. 

For analysis of IsoLGs by electron impact ionization (ED/MS, 
ttc thnAim ntp.d IsoLGs were purified by reverse phase HFLC on an 
Ecxraosil column (Alltech Associates, Deerfield, IL) utilising el soL- 
vsnt system of 45% acetonitrile in water with 0.1% aesfcie acid. Onc-ml 
fractions ware collBcted. Fractions containing IboLGs wars identified by 
analysis af aliquafca as above by GC/NICI/MS. IboLGs wera datected 
eluting aver approximately 30 fraction a. Eight fractions eluting at ap¬ 
proximately 30 ml, which contained a high concentration of IsoLGs, 
were pooled. This purification procedure was repeated several times to 
obtain i-uffielAnt material for analysis by GC/ES/MS. GC/EI/MS anslyaiir 
yielded a single preminent chromatographic peak with a smaller shoul¬ 
der that contained ions consistent with masa spectra of IboLGs at an 
approximate retention, time of & mhn This retention time is longer tlian 
the retentign time of (so'LGs in the GG/NlCJ/MS experiments described 
above (approximately 6 min) because a longer GC column was used to 
achieve more cfTeetive soparafcicn of IboLGs from, athor potentially in- 
terffering compounds. Spectra wfert displayed by averaging the scana 
across the chromatographic peohs. The source temperature wae 200 n G, 
thii ionizution energy 70 sV, and the transfer line and huector each held 
at 260 - C. 

Mass Spectrometric Analysis of F s -IsaPa and. D^IE 3 -IbqP^-D -ring. 
E-ring, and F-ring IboPb generated from oxidation, of aradiiiloma acid 
ware quantified hy GG/NlCJ/MS oa described (4, s). 

Comparison of the Haw of Adduction of and 4-HNB to Albii- 

mM LGE^ and 0,1 mM 4-HNE were incubated with bovine 
serum albumin (B&A) (5 mi at 20 mg/ml Ja Hanka 1 balanced salt aolu- 
tioa at 37 P 0). l00-/xl UliquPte werCs remimti at indicated time points, 
and free unadducted LGE a waa quantified by GC/NICI/MS aa dtsscribed 
above. Free unadductod 4-HNE was measured by eolorinjiatiic assay 
(Gxb Intcrnaticmil, Portland, OR). 

Formation, and Analysis ofL.GE r -Lysinc Adducts —LG-Ej, (1 mM) was 
incubatad with pH]lysine (1 mil; 17,060 cpm/mg) in 1 ml ofphosphate- 
bufiered saline at 37 d C for 4 h_ Incubations were also performed in 
which lysine was replaced with [U- xa C!lly5ine (Cambridge Iggtgpe Lab¬ 
oratories, Andover, MA) or AJ^-acctyl-ljrri«e methyl ester (Sigma), 
10p~j»l aliquote of the inenbation mixtures were analysed by liquid 
chromatography (LCl/electrospray ionization (ESIVMS In the positive 
ion made using a Waters 2,1 x 150 mnt C l6 column flJid a water/ 
acetonitrile gradient (3%/nxin; hold 5 min) at 0.2 ml/min. Auriliaxy gas 
pressure was 70 pountle/aquore inch; nbeath gEis pressure was 10 
pouuds/square Inch Tha voltage on the capillary was 20.0 V, the cap¬ 
illary temperature 200 *C, and the tube lens vgltage 90 V. Parent inns 
were scanned from m.Jz 40D to ml a 500. GglHsign-irtdvicecI dissociation 
(GID) of molecular tons of the putative lactam and hydrn5yiacitom 
adducts formed in these incubations was performed from -10 to -40 
eV, scanning daughter ions from mlz 50 to mlz 5G0 (up to m/z 560 for 
the ZV^-acetyl-lysine methyl ester derivative). Spectra shown wore ob¬ 
tained at ^28 eV, CU> gna was argon with a. pressunj set at 2.0 , 
millltorr. Specera wore displayed by averagkt^ scans across ths daro- 
matagraphic peaks. 

Formation and ufTst>Z/G Zysrine Adduvtv —100 tag of Drachi- 
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diiTiic add was oxidized aa described above in. the presence of 100 mg of 
lysine. Hie incubafcfoa mixture waa then loaded onto a C w Sep-Pak 
cartridge jn pH 3 water, washed sequentially with 10 ml ofwater, 10 ml 
of heptane, and 10 ml of heptcnefotbyl acetate. (1:1 v/y). Adducts were 
eluted with. 10 ml mcthanolfethyl acetate (35:65 v/v), Tim organic sol- 
Ycnta y/cic then dried under a stream of tT 2 , and an aliquot was 
analyzed by LC/ESDMS/MS using conditions) described above except 
the LC flow rata was 0.1 mlfenin.. MS/MS analysis wus carried out using 
selected reaction mnnitarmg (SUM) of daughter ions produced from CIO 
af fMHl 1 at —26 ©V. 1/20 of this preparation was analyzad by SEM of 
daughter lone of the lactam adducts, and approximately 1/3 was ana¬ 
lyzed hy SRM of daughter ions of the hydroxylactam adducts. 

Isolation and Analysis of IsoLG Adducts on Oxidized. LDL —LDL was 
isolated from IP lnt of plasma obtained from normal human volunteers 
using a low temperature ethanol precipitation procedure (1®. Briefly, 
the plasinn was stirred with a 25% ethanol solution at - 3 °0 for 13 min 
and then centrifuged at 3000 Xyfor SO min at -5 'C. The precipitated 
IJ3L w S s than suspended in Go mM potassium phosphate buffer (pH 7.4) 
at a concentration of 10 mg of protein/ml and oxidized with 0.1 mM 
2,2'-atabis(2,aniidinopropane) HCl (AAPH) (Polysdeacea, Warrington, 
PA1 ibr 4 h. The LDL was subsequently re-precipitated as above and 
dclipidntcd (IS). Briefly, tin? LDL was diluted to 10 rug of protein/ml 
and then sequentially extracted with, sthanol/die&yl ether (2:3 v/v) far 
24 h; ethanol/etber (3:1 v/v) for 24 b; ethanol/ether (1:1 v/v) for 30 min; 
ethauol/ether (1:3 v/v) for SO tnin; and finally briefly washed with ether. 
The temperature WAP maintained at —15 °C during the dclipidatiDa 
procedure. The protein was recovered after each extraction by centrif¬ 
ugation at 850 x if for R0 min. The protein, was ra-dlsaolved by sus¬ 
pending it in ether, and OJt N N&OH was then added. The mixture wsa 
gently bubbled with. N a anti] the ether evaporated and then incubated 
for 2 h at room temperature to hydrolyre IsoLG protein addneta that 
muy hnvo formed with IsoLG eaterified to LDL lipids. The pH was than 
adjusted tO 7.5, and the protein woe eub/acted to complete Bnzymatic 
digestion to individual amine adds as described (16). Briefly, fcha pro¬ 
tein concentration was adjusted to 1 mg/mi. 0.1 volume of a 1 mg/ml 
Solution of Pronase (CaTbiochem) was added, and the mixture waa 
incubated at 37 °C for IS h. Thu pH was then adjusted to 3.5, end 
was added to a final concentration of 4.8 mM, 0.1 volume of fondue 
aminupeptidjwe (Sigma) activation solution was subsequently added. 
Leucine aminopeptidase was activated by incubating 225 pg/ml in 10 
mM Tris-HCl buffer (pH S.5) with 1 n« MnCL, for 2-3 h at 40 *C and 
subsequently added to the digest, which was then incubated at37 "C for 
18 h at room temperature. The compounds were then extracted using a 
Cjg Sep-Fisk cartridge as described above. The eluate was dried under 
a Stream of N ar and IsoLG/lynmu adducts ware analyzed by LC/ESI/ 
MS/MS os described for tho IsoLG adducts above. Before analysis, a 
mixture of I^CJkictam and [ ls C c ]hydioaylactain IsoLG adducts was 
added to allow quantification of the a to mint af IaoLG adducts detected. 
These cojnpoimds were forzaod by oxidation of25...— -.^t,ir r .. T,l n arid 
in til a presence of fTfllysma (60 X 10° epm; 10,000 cpm/fig) (MEN Life 
SaiunOB Products) dilated with 1 mg of [“Cyiysins (Cambridge Isotope 
Laboratories, Andover, MA). The PHI- and [“CJlyeine-faoLG lactam, 
and hydroxylactam adducts formed were then purified by extraction on 
Cji Sep-Pak cartridges as above and HPLC (water tu acetonitrile in SO 
min with fi-min water pre-wash). HFLC fractions containing the lysyl 
IsoLG adducts were detected by LC/ESI/MS analysis, and the concen¬ 
tration was determined by the specific activity of the (“HJIyrifoe, 

HJ5STH.T3 

Identification aflsoLGu Formed during Oxidation of Arcchi- 
dorJ: Aczd in Vi/ro—(JC/NICI/Mt) analysts of oxidized erachi- 
donate mixtures rovoalcd a series of comp minds with charac¬ 
teristics of IsroLGa (Fig: 2). The lower m/s 487 chromatogram 
displays a series of incompletely resolved peaks corresponding 
to the [M - "CHgCjFj]’ ion of the hia-pHJO-methyloxdnve 
LGE S internal standard. These represent the four ntethoxinu-. 
isomers (two yyn and two ante ) resulting from methoximation 
of the two carbonyl groups of the internal standard. At a sim¬ 
ilar retention time in the upper m/z 481 chromatogram are u 
series of peaks with the fM — "CHj.CgFjJ" ion of IboLGs. Tha 
pattern of the putative IsoLG compounds differs from that seen 
in the m/z 487 chromatogram, consistent with tha formation of 
multiple IsoLGEj and IsoLGth isomers (see Fig. 1). Virtually 
identical results were obtained from tha analysis of LsoLGs 
formed during oxidation of l-palmitoyl, 2-a r« chi donoyi-3-gIyc- 



Fig. 2. Selected ion current chromatograms obtained, from 
GCffJICJZMS analysis for IfioLCs formed during nxiiabnu of 
arachidonio acid in pit» Compounds wore analysed os a penteflu- 
Diobenzyl ester, O-mathylsxiniE, trimethylsilyl ether derivative moni¬ 
toring the (M‘CHjCaFJ “ ions at m/z 481 far IaaLGs and m/z 487 for 
the deuterated internal standard, the bfo-PHaiO-methylosime deriva¬ 
tive of synthetic LGf- 2 - 

ero-phosphpchoiine (data not shown). 

Additional studies were theft undertaken to confirm the 
identity of these compounds as IsoLGs. Whan analyzed as a 
pHgJO-methosylainine derivative, all of tha m/z 4S1 peaks 
shifted upwards 6 Da to m/z 487, indicating the presence of 
two carbonyl groups. When analyzed, as a [ 2 H<JTMS ether 
derivative, alt of the nu/z 481 peaks shifted upward 5 Data m/z 
490, indicating the presence of one hydroxyl group (data not 
shown). These compound:: were then analyzed by GO/E I/MS 
after partial purification by HPLCj. Mass spectra were obtained 
that were consistent with the formation of both 6 a - and JD 3 - 
IboLGs. One of the mass spectra obtained is shown in Fig. SA. 
Although it is unlikely that this is a mass spectrum of a single 
IboLG isomer because the preparation analyzed was only par¬ 
tially purified, this mass spectrum fo consistent with a major 
component being a 15-series IboLCtD-, compound. Tha spectrum 
is characterized hy an intense molecular ion a t m/z 662 and 
intense ions at m/z 631 (M — 31), loss of '0CH 3 from a ma- 
thojdme group, m/s 591 (M — 71), loss of ‘CH 2 <CH 2 } :! CH ;! from 
fragmentation between C-15 and C-16 on the lower side chain, 
m/z 559 (M - 71 - 32), the lose of CR^(CH 3 ) 3 CH 3 + HOCH a , 
m/z 541(M — SO - 31), loss of Me a SiOH + 'OCH ; „ m/z 501 
(M - 90 - 71), loss of Me E SiOH + m/z 489 

(M — 173), loss of -CH 2 (QSiMejXCHjl^CII; from fragmenta¬ 
tion between C-I4 and C-15 on the lower side chain. A mass 
spectrum of authentic LGE^ ie shown in Fig. 35. Notable are 
the ttrilriog similarities in the high mass ions pres efit and their 
relative abundances in the spectra in Fig. 3, A and B- The 
presence of ions involving the loss of 71 and 173 Da in both 
mass spectra resulting from fragmentation adjacent to the 
carbon da the lower side chain on which the TMS ether gyaup 
ia attached supports the idontity of a major component of the 
mass spectrum in Fig. SA as a 15-series IsoLG. An ion at m/z 
418 is present in both the IsoLG end LGE Z Spectra, but its 
origin is unclear; it mny derive from a minor common decom¬ 
position product. Intenaa fragmentation ions ore present in the 
mass spectrum of authentic LGliL resulting from fragmenta¬ 
tion between C-8 and C-12, one representing the upper portion 
of the molecule (m/z 392) and one representing the lower 
portion of the molecule (m/z 270). These ion3 ere also observed 
in the IsoLG spectrum, indicating that it may also contain a 
15-aeries LboLGE 2 compound as a min or component. The base 
ion in tha mass spectrum in Fig. aA is m/z 284. This origin of 
tins ion would bft consistent with the lower portion of a 15- 
BBrisB IgoLGD 2 molecule, as a result of fragmentation between 
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IK. 3. Electron ionization m a;w spectra obtained from the 
analysis of partially purified IsoLGs (A) and. Of tynthetie LG rL 
IB) aa pentufluorobenzyl ester, tiis-O.metbjiosijiie, iximethylsi- 
lyl ether derivative®. Interpratetmoa of ions are discussed m detail in. 
the tent. 

C-B and C-12, Bowover, onltka tile mass spectrum of authentic 
LGE Z , au ion representing the upper portion of the molecule is 
not present. Possible reasons for this include different relative 
abundances of these two ions in different IsoLG isomers or in 
LGD versus LGE compounds. The latter possibility cannot be 
explored because authentic LGD Z is not available. Salomon and 
colleagues have attempted the synthesis of LGDjj but found it 
to be highly unstable under the conditions used for its 
synthesis (12). 

Relative Amounts of IsqLGs and IsaPs Produced during Ox¬ 
idation of Arachidon.it Acid in Vitro —To evaluate the quanti¬ 
tative relevance of the formation of Isabels, we compared the 
amounts of IsoLGe with the amounts of F^-IsoFs and Ea/Da- 
IgoPs formed during oxidation of aruchidonic add in vitro. 
Surprisingly, wa found, that the amounts of IseLCs formed 
Wore approximately equivalent with the amounts of F z -IaoFa 
and wore only Slightly less than the amounts of EafDj^-IsoPs 
(Pig. 4). These data suggest strongly that laoLGs can be pro 
duced aa products of the IsoP pathway at levels that can po¬ 
tentially have significant biological impact. 

LGs Readily Form Covalent Adducts With Proteins —Having 
established that IsoLCrs can be formed in significant amounts 
during oxidation of arachidonic acid in vitro , we explored 
whether we could detect their formation in a number of biolog¬ 
ical systems in vitro and in vivo. Despite the fact that readily 
detectable levels of F z »IsoPs arc present in less than 1 ml of 
normal human plaszna and urine, wo could not detect IsaLGs in 
3 ml of either human plasma or urine. Furthermore, we could 
not detect the formation of IsoLGs in viva in 1 g of liver from 
rats treated with CCLj to induce an intense oxidant injury to 
the liver which was associated with a marked increase in the 
formation ofF 2 -I|?oPs, We also could not detect the formation of 
IsoLiGs in vitro following (n) iron/ADF/ascorbate-induced oxi- 



FlG, 4. Comparison of the relative amounts of TeoLGe, f’ r 
IsoPg, and fyD 2 -TfioP« formed following oxidation of arachi- 
donic acid in sifra. Five mg of amcLidc-nio acid was oxidized for 4 h 
with irou/ADF/a3corbote- 

dation of liver microsomes (17) prepared from 5 g of rat liver or 
(fa) following copper-mediated oxidation of LDI_ (ig) isolated 
from 2.5 ml of plasma, both of which again were accompanied 
by marked increases in Fg-feoP formation, l'ha overriding dif¬ 
ference between these experiments and those in which we 
oxidized urachidonic acid in vitro is the presence of protein. We 
hypothesized that the failure to detect IsoLGs in these biolog¬ 
ical systems may be attributed to extremely rapid adduction of 
IsoLGs to proteins. Thus, we attempted to intercept the forma¬ 
tion of IsoLG adducts in the microsome and LDL oxidation 
mixtures by adding oxime reagents to a final concentration of 
3% to derivatize the carbonyls, which would prevent IsoLG 
adduction to amines. Although this approach effectively con¬ 
verted the carbonyls of Ej/D^-IsoPs that were formed in these 
experiments to oxime derivatives, it did not successfully trap 
free IsoLGs. This suggested either that IsoLGs were not formed 
or that under the experimental conditions used, their reaction 
with proteins was much faster than their reaction with the 
oxime reagents. 

In an attempt to gain support for our hypothesis that IsoLGs 
could not be detected aa free dicarbonyl compounds in biological 
systems because they adduct to proteins with extreme rapidity, 
we compared the rate of adduction of LGE,, and 4-HNE with 
BSA, ss a model protein. We thought a comparison of the rate 
of adduction of LGE?. with that of 4-IINE would bo informative 
because 4-HNE, although considered to he One of the most 
highly re estiva products of lipid peroxidation yet identified, can. 
be delected in free form in biological systems (2). The rate of 
adduction of these two compounds was assessed by monitoring 
the decline in levels of free compounds measured in aliquots 
removed at various times during incubations consisting of 
LGE 2 or 4-HNE with a 3 molar excess of ESA. As shown in Pig. 
5, levels of free LGE 2 dropped precipitously during the initial 
BO s of the incubation; notably more than 50% had adducted 
within 20 s. Of note, free LGE 2 did not decline completely to 
undetectable levels but leveled off between 5 and 10% of the 
amount detected at time 0, This can likely be attributed to 
iacfle migration of the A 13 double bond to the A 12 position, 
which may decrease the reactivity of the molecule (12). A small 
amount of A 12 —LGE 2 may have been present in the synthetic 
preparation, or migration of the double bond may have oc¬ 
curred during the incubation since the double bond migration 
has been shown to be catalyzed by buffer ions (12), In striking 
contrast to the remarkably fast rate of adduction of LGE., to 
BSA that was observed, ~50% of 4-HNE had still not adducted 
after I h. The rate of adduction of 4-HNE to albumin found in 
this study agrees dosely with that reported previously by Cut- 
bio et al. (19). These data indicated that the rate at which LGE? 
adduct? to proteins exceeds that of 4-HNE by several orders of 
magnitude and provided a very plausible explanation for our 
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Fig-. 5. Comparison at the rates of covalent adduction of LGE* 
ond4-HNE to BSA. The formation of covalent adducfca waB assessed, "by 
monitoring the disappearance pf free compounds over time and ex- 
pretjsed as a percent of the amount of frfto compound present at time 0. 
The proposed explanation for why the levele of LGE 3 do not continue to 
fell to undetectable levels by t plateau between 5 and 10% of the amount 
of LGEr. present; at time 0 is discussed in the text. 

inability to detect IsoLGs in free farm in biological systems 
containing protoin. 

IdeniifLcatUMt of LGE-g-Lysine Adducts —We then Sought to 
structurally identity the nature of LG adducts using LC/HSI7 
MS/MS. Initial studies were carried, out using synthetic LGE Z 
as a model fijr IsoLGs. Based on previous data reported by 
Salomon and colleagues (20), we predicted that a major protein 
adduct would be a pyrrole produced from reaction oFLGiL with 
the naming group of lysyl residues. In initial studies, we used 
free lysine to mode] this reaction which seemed valid because 
the u-amino group of free lysine is only about 1/6 as reactive as 
the e-amino group (16). The predicted (MHJ + ion for the LGE 2 - 
lysine pyrrole adduct is m fz 463. Full scanning spectrum anal¬ 
ysis, however, consistently revealed the presence of intense 
ions at m/z 479 and 495, rather than an ion at m/z 463. 

Selected ion current chromatograms of mlz 479 and m/s 495 
obtained from analysis of an incubation of LGE 2 with lysine is 
shown, in Fig. 6. Notably, these ions are 16 and 32 Do higher 
than the {1£HJ~ ion of the pyrrole adduct, Relevant to this 
finding were previous data demonstrating that pyrroles can 
undergo autoridation to form lactams and hydrosylactama, 
which have masses 16 and 32 Da higher, respectively, than the 
corresponding pyrroles (21), The mechanism by which lactams 
and hydroxylactama are predicted to form by autoxidafcion of 
pyrroles is shown in Fig. 7. The LGEj, pyrrole would be ex¬ 
pected to be highly susceptible to autojddation because it is 
highly alkylated and electron-rich (20). Consistent with such a 
prediction, Salomon and Colleagues (20) found that the pyrrole 
formed by LGE 2 reaction with neopenfcylsmme was highly un¬ 
stable and could not be isolated unless air was rigorously 
excluded. We therefore attempted to prevent oxidation of the 
LGE^-lysine pyrrole that was predicted to have been formed by 
incubating LGE Z with lysine under argon in deaerated buflar. 
Under these Conditions, »e did See a new peak at m/s 463 that 
eluted at approximately the Borne retention volume as the 
lactam and hydroxylaetaro Adducts, consistent with an LGE 2 - 
lysine pyirole. However, the CID mass spectrum of this com¬ 
pound only produced ions at m/z 445, formed by the loss of 
HgO, and m/z 363, formed by the loss of 100 Da. The loss of 100 
Da is speculated to occur from fission of the bond between C-14 
and C-15 with transfer of a proton as described by Murphy and 
colleagues (22) during CED of prostaglandins. Although suggas- 
tria, it could not be concluded with certainty that this com. 
pound was in fact the lysyl-LGE 3 pyrrole because of the limited 
structural information provided by the CID mass spectrum. 

The putative lysyl-LGE 2 lactam and hydroxylactam adducts 
were then structurally characterised further by CID of the 



looo 

Scatnwnbsf 


Pig. 6. Selected ion current chromatograms of EMriJ + Iona m/s 
479 and m/s 495 from an LC/ESKMB analysis of adducts Conned 
following incubation of LGE 3 with lysine. 





Pg. 7. Proposed mechanism of formation of lactams and hy- 
droxylaetsmB by aulandatioD of pyrroles (adapted from Ref. 
21 ). 


[MHI + inns, mlz 479 and mlz 495, respectively. CID of the 
putative lactam adduct produced informative daughter inns at 
mlz 461, mlz 415, mlz 346, mlz 332, and mlz 84 (Fig. 8A). 
CID or thB putative hydroxylactam adduct produced analogous 
daughter ions at mlz 477, mlz 469, mlz 413, mlz 330, and 
mlz 84 (Fig. SB). Insight into the structuree of these fragment 
ions was obtained by analysis of the LGE 2 adducts formed with 
[‘"“'CyiyEine and iV'- acctyl-lysine methyl ester. The proposed 
structures for these ions and the corresponding ions in the CID 
spectra of the adducts formed with the lysine analogs are 
shown in Figs. 9 and 10. The ion shifts in the CID spectra of the 
adducts formed with the lysine analogs support the proposed 
structures of these ions. However, the precise mechanism of 
their formation remains speculative, except for ions at m/z 461 
in the lactam CID spectrum stud mis. 477 and mis 459 in the 
hydrcnylactam CID spectrum, representing the Iobs of H,,0 
( m/z 461 and m/z 477) and 2* H 2 0 (m/z 459). 

It is important to mention that we cannot be quantitatively 
precise ahout the yields of the lactam and hydroxylactam ad¬ 
ducts for reasons related to the labile and highly reactive 
nature of LGE Z . First, the synthetic LG-E. is impure, and thus 
the weight of die preparation is an unreliable indicator of the 
actual amount of LGB S present. The LGE 3 cannot be purified 
from precursors and side products from the final reaction in the 
synthesis because it degrades extensively during column chro- 
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Fig. S. LC/F15KVIH/MS analysis of LGS^Iyaina adducts. The 
fMH] T ions of *he putative lactam tA) and hydraxylmillnm 0?) adducts, 
/a/? 470 and tn/e 498, ra&pcc&ively, v/ere subjected to CUD ut —28 eV 
and daughter ions scanned from miz 50 co tn/t 500. Spectra veers 
obtained by averaging scans across the peats observed. The interpre¬ 
tations of the structures of individual ions are detailed in Figs. 9 nnd 10. 

matograpliy (12). We also cannot accurately quantify tha 
amount of LGE-? present by selected ion monitoring 0C7 
NICI/MS comparing the amount present to a known amount of 
deuterated internal standard. This ii; because tile double bond 
at the A 13 position, as mentioned above, can readily migrate to 
the A 12 position, which changes the reactivity of the molecule 
(12). GCfNICT/MS analysis wiapt distinguish between fche re¬ 
active A ia -LGE 2 and the relatively unteactive A^-LGEa- In 
this regard, we have found that the amount of LGE* that 
adducts decreases significantly over time during storage, even 
though the amount of signal Been by GC/NICI/MS analysis 
remains essentially constant, Thfe pheuomsnon is presumably 
due to conversion of synthetic A 13 -LGE 2 to A^«LGE 2 during 
storage? Thus, it is not possible in any given experiment to 
know precisely how much reactive A L2 *LGE 2 is added to the 
incubation. As discussed previously, thift conversion may also 
account for the apparent triphasic rate of adduction of LGE Z to 
BSA seen in Fig. 5. The other issue that confound g quantifica¬ 
tion is related to the remarkable proclivity of LGE a to induce 
cross-links (10,11). In this regard, HFLC analysis of LGE 2 that 
lias been incubated with a malar excess of tritiated lysine 
results in a large amount of radio a fitdid ty that chromatographs 
as multiple unresolved peaks eluting 1 over many fractions. This 
broad slur of tritiated reaction products elutes at a retention 
volume that is widely separated ir-osit frae lysine and elutes 
over a much broader range than the lactam andhydroxylacfcam 
adducts. Although this material is not amenable to analysis by 
standard, approaches utilized in these studies,, we speculate 
that this material represents cross-linked species. Thus lactam 
and hydroxyl&ctatn adducts do not account for all or even most 
of the adducts formed during LGE Z reaction with pruteins. 

Identification, of IsaLG-Lysirtc Adducts —Wq than utilized the 
information obtained from analysis of LGE 2 Tysine adducts to 
characlerizo the formation, of IsoLG-lyaine adducts. Aracbi- 
dotuc acid was oxidized in the presence of lysine, and adducts 
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FlO. 9. Inieipretations of the structures of Individual CED 
daughter ious of the ly^yl LGE* lactam, adducts. LfiE a was reacted 
with free lysine- (column 1), L 13 C*)lysiii.e (column 2\ orN^-acetyl-Iysina 
methyl eBter (wluuiti 3), producing the corresponding lactam adduct 
£MH]^ ions at m-fz J-70, mfz 486, and tn (i 535, respectively, These ions 
Were then subjected to LC/ijJSI/MS/MS, yielding corresponding daugh¬ 
ter ions noted that supported the interpretations of the ion structures 
j?hgwn on die right « 


formed were analyzed by LC/ESI/MS. The analysis revealed 
compounds at miz 479 and miz 495 that had L0 elution, 
volumes consistent with tha formatian of IsoLGrlygine lactam 
and hydroxyl actain adducts, respectively, LC/ES3/5Vf S/MS anal¬ 
ysis revealed that these compounds formed the same daughter 
ions that had been observed for LGE a -lysine lactam and hy- 
droxylacfcam adducts (Fig. 11). No peaks at m/z 463, indicative 
of pyrrole adducts, were detected. Experiments excluding air in. 
an attempt to obtain evidence for the formation of pyrrole 
adducts could, not be performed because of the requirement of 
Oxygen during oxidation ofarachidonie acid. Notably, the chro¬ 
ma to grams obtained from analysis of IsoLG adducts reveal 
multiple miz 479 and miz 495 peaks, consistent with the 
formation of a series of IaoLG isomers. 

jOeteCllQtt of IsoZG/Apolipoprotein. Adducts in Oxidized 
LDL —We then sought to determine if we could detect IaoLG/ 
apoB-100 adducts foil owing oxidation of LDL. We considered 
these experim£nto to bo very informative fiinca, as mentioned 
previously, our attempt# to detect unadducted tree IsoLGs dur¬ 
ing oxidation of LDL were not successful. For these analyses, as 
outlined under “Experimental Procedures," LDL was oxidized 
for 4 h with AAPH and delipid ated, and the apoB-100 protein 
was then digested to individual amino acids by sequential 
treatment with Promise and leucine atmnopeptidnse (16), Na- 
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Fie. 10. Interprotationfl of the structures ot Individual HD 
daughter torts of the hydroxyl actum adducts. LGE, was reacted 

with free lysine (Column 1 ), I^CJIyBinC (column 8), or -V"'-acctyl-lyauM 
Methyl ester '.column 3), producing tha corresponding hydroxyl actum 
L\nr.“ [otas at tn la 495, mix 501. and ttlIz 551, respectively- These ions 
were than a objected to LC/ESKMS/MS. yielding corresponding daugh¬ 
ter ions noted that supported tha intatprstulions of tile ion structures 
shown on the rights 

live. LDL (not subjected to oxidation) was also treated in an 
identical fashion. The amino add mixture was then analyzed 
by LC/ESI/MS/MS, employing SRM. No adducts were detected 
in native LDL. However, as shown in Fig. 12. intense signals 
consistent with the presence of IscLO 1 a dim and hydroxylac- 
tam adducts were detected in the hydrolysate prepared from 
oxidized JUDL. These compounds had molecular ions i(MH] *) of 
m/z 479 and mis 495 that tr ans itioned to mtz 84,1 during 
CUJ, supporting their characterization as lactam and hydroxy- 
lactam adducte, respectively. These compounds also had the 
same LC elution volume ae the internal standards, 
[ lS C Jlysine-IsoLG lactam and hydroxylactam adducts, at ml z 
435 and fntz 501 that transitioned to mlc 89, respectively. 
Multiple peaks representing the [^cyiysine internal standard 
adducts are present because these were generated by oxidation 
of arachidonio add in the presence of - and [“GJlyainc and 
thus consist gf multiple IsoLG-Iysine adducts. Approximately 1 
pmijl of isoLG adduct was formed per 500 nmol of apoB-loo 
(500 ng/250 mg starting lipoprotein) as calculated by compar¬ 
ing the ratio of intensity of signals for adducts detected in 
oxidized LDL to signals for tha known amount of |! H' and 
,i! C 6 -adducts added. 

DISCUSSION 

These studies have identified a novel class of extremely 
rgaptivs molecules tha t are generated as products of the IsoP 
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FiC. 11. LC/ESEMSWV1S nnolyais of IsoLG-lyslne add'mte 
formed during oxidation of arachidonio add, to generate 
teoLGs, in the presence of lysine. SRM monitoring of the transitions 
ofm/j 470 (lactam adducts) rmd lil/x 495 (hydroxylactam udducts) to 
the daughter ions indicated in the figure was performed. Interpreta¬ 
tion!) of daughter ion structure* are shown in Mgs. 9 and 10. 
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Flo. 12. LC/ESKMS/MS analyiuM of IenLG-apoB-100 adducts 
from oxidized LEL. LDL was subjected to oxidation, dslipidatei and 
tba apo-B-lCO protein, then subjected to complete: enzymaric hydrolysis 
to individual amino acids as described under "Experimental Proce¬ 
dures." Internal standards of [“CJlnctam and -bydrosytoctam adducts, 
fanned by oxidation of araebidonate in tha presents of F^Cgltosme, 
were then added. The hydrolysate was analyzed by SRM of the follow¬ 
ing transitions; mix 495-4 to mix 84.1 (ItoLCMysjne hydrosylactam 
adduct* from oxidised LDL): mix 501.4 to mix 89.1 (internal standard 
IaoLG [ la Ca]Iyiine hydroxyUctem adducts)! mix 470.4 to mix 84,1 
(iBoLG-lyBUte liiCtam adducts from oxidized LDL); ml z 485.4 to mix 
89.1 (internal standard IsoLG (“CJlysine lactam adducts). 
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pathway, The relevance of the formation of the^e compounds 
relates to their remarkable proclivity to form covalent adducts 
with proteins and induce prate in-protein and DNA-protein 
Cross-Hnka. Thus, these compounds might be expected to be 
highly injurious as a result of covalent modification of key 
biomoleculfee that are critical to normal cellular function and 
replication. Reactive aldehydes generated from lipid pororddfl 1 - 
tiun, such as 4-HNK and MDA, form covalent adducts and are 
thought to be important mediators of same of the adverse 
sequelae of oxidant injury, including conversion of LDL to ap 
atherogenic form (2, 3). The finding tbpfc IsoLG adducts could 
be easily detected in apoB protein following oxidation of LDL in 
uitrv suggests that IsoLGs may also contribute to this patho¬ 
genetic process. Further studies quantitatively assessing the 
relative abundance of 4-HNE, MDA, and IsoLG sdducte on 
apoB following oxidation of LDL should provide important in¬ 
sight into the relative extent to which these reactive molecules 
participate in the conversion of LDL to an atherogenic form. In 
addition* 4-HNE is considered, to be one of the most reactive 
aldehydes generated as a product, of lipid peroxidation (2). In 
Lhis regard, the data obtained that demonstrated that LGE 2 
adducts to BSA at a rate that exceeds that of 4-HNE by several 
orders of magnitude was a finding that dramatically highlights 
the highly reactive nature and potential importance of the 
generation of IsoLGrS. 

These studies open up numerous new avenues for potentially 
important scientific inquiry regarding the formation of IsoLGs 
in settings of oxidant injury, in addition to their ability to 
adduct to proteins, IsoLGs should also readily adduct to DNA. 
In this regard, Salomon and colleagues (11) have shown that 
LGEg can form PNA-prptoin cross-links in cultured cells. It is 
well recognized that free radical-induced DNA damage can lead 
to maligna nt transfonnation (23). However, no thing is known 
at present about the consequences of the formation of IsoLG- 
DNA adducts, e.g. what type(rO of mutation results from the 
formation, of such adducts, whether these adducts are repaired, 
and if they arc repaired, the rate at which this occurs. 

The chemistry of the IsoLG re action with amines it similar to 
other 7 -djeaT-bonyl compounds. Thus, information regarding 
the pharmacological toxicology of y*dicarbonyl compounds can 
provide a basis for hypotheses regarding the potential biologi¬ 
cal ramifications of the formation of IsoLGs. For example, the 
toxicity of one such compound that has been extensively stud¬ 
ied is the hexane metabolite, 2,5~hexanethatie. 2,5-Hexanedh 
one has been shown to cause axonal degeneration through 
formation of pyrrole adducts and subsequent croaa-linking of 
nciirofilaments (24). This suggests, therefore, that Afrnilar ef¬ 
fects may also result from the formation of IsoLGs during 
oxidative neuronal injury. In this regard, we recently described 
(25) the formation of IsoP-like compounds, termed neuroproe- 
tanea, in vivo from free radical induced oxidation of docoBH- 
haxaenofc acid (G-22:6ajT3), which is highly enriched in neu¬ 
rons in the brain. In light of this finding, it is reasonable to 
speculate that reactive IsoLG-like compounds are also gener¬ 
ated as products of the neuroprostane pathway, which in tunl 
may induce neuronal injury. Potentially highly relevant in this 


regard ib our recent discovery that levels of both neuraproa- 
tanes and IsoPa are significantly increased in cerebrospinal 
fluid from patients with Alzheimer's disease compared with 
age-matched control subjects (25, 26). 

In summary, these studies have elucidated a Hovel class of 
extremely reactive compounds, IsoLGe. that are formed as 
products of the TaoP pathway. LGs exhibit a proclivity to adduct 
to proteins that far exceeds that of any other known reactive 
product of lipid peroxidation. The structural characterization of 
tha nature of the lysyl IfioLG adducts formed oft proteins re¬ 
ported heroin provides key information that will allow us to 
explore the formation of IsoLGa in viva. This should afford 
ample new avenues for investigation to elucidate the biological 
consequence# of the formation of IsoLG# in settings of oridaftt 
injury. 
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